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Abstract. Theone-dimensionatime-areragedover mary wave periods)along-
shoremomentumbalancebetweerforcing by wind andbreakingwavesandthe
bottomstresds examinedwith field obsenationsspanninga wide rangeof con-
ditions on a barredbeach. Nearbottom horizontalcurrentswere measuredor

2 monthsat 15 locationsalonga cross-shoréranseciextending750 m from the
shorelineto 8-m waterdepth. The hourly averagedottomstressvasestimated
from obsened currentsusinga quadratiadraglaw. Thewave radiationstressvas
estimatedn 8-mdepthfrom anarrayof pressuresensorsandthewind stressvas
estimatedrom ananemometeat the seavardendof a nearbypier. Thecombined
wind andwave forcing integratedover the entirecross-shoréransecis balanced
by the integratedbottom stress. The wind stresscontributesaboutonethird of
the forcing over the transect. Analysis of the momentumbalancesn different
cross-shoreegionsshaws thatin the surf zone,wave forcing is muchlargerthan
wind forcing andthatthe bottomdragcoeficientis largerin the surf zonethan

fartherseavard,consistentvith earlierstudies.

1. Introduction

Alongshorecurrentsin the surf zone have beeninves-
tigated extensvely within the framewvork of steady one-
dimensiona(1-D) models(Bowen [1969], Longuet-Higgins
[1970], Thornton [1970], and others). If the topography
forcing, and alongshorecurrentare steadyand uniform in
the alongshoreadirection, the time-areragedand vertically
averagedalongshoranomentumequationreduceso a 1-D
balancebetweerforcing, bottomstressandmixing,
ind  O0Syz OF,,

R e T e 1)
wherez andy arethe cross-shorend alongshorecoordi-
nates,respectrely. The forcing is the sum of the along-
shorewind stressT;Vi“d, which althoughoften ignoredis
sometimesmportantin the surfzone[Whitford and Thorn-
ton, 1993, 1996], and wave forcing, representedy the

cross-shorgradientof theradiationstresscomponent-S,,
[Longuet-Higginsand Sewart, 1964]. Lineartheoryis used
oftento relate.S,, to the frequeng-directionalwave spec-
trum E(f, ) [e.g.,Battjes, 1972]or in bulk wave transfor
mationmodelsto thewave heightH,..,,, mearwave angled,
andthe meanwave frequeng f [e.g., Thornton and Guza,
1983]. Themeanalongshoréottomstresss oftenparame-
terizedas[Longuet-Higgins, 1970]

7'5 = pcy <|dlv> 2

wherep is the water density ¢ is a drag coeficient, |4

is the magnitudeof the total velocity vectorabove the bot-
tom boundarylayer, v is the alongshorevelocity compo-
nent, and <> represents time averageover mary wave
periods. This quadraticform for the bottomstresshasbeen
usedwidely in steadychanneflows [e.g.,Henderson, 1966]
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but hasnot beenverified directly in the surf zone. Mixing
is given by the cross-shorgradientof the depth-intgrated
turbulentmomentunflux Fy,. Although Fy, canbewritten
exactly in termsof depth-intgratedReynolds stressesand
theinteractionof depth-\aryingcurrentq Svendsen and Pu-
trevu, 1994],thereis noacceptedurbulenceclosurescheme,
so F,, is parameterizedypically as proportionalto the
meanalongshoreurrentsheardv/dz, wherew is thetime-
averagedalongshoreurrent.

The alongshoremomentumequation(1) with the quad-
ratic bottomstress(2) is difficult to solve for v. If aweak
meancurrentandsmallwave angleareassumedthe bottom
stresscan be approximatedas a linear function of v [e.g.,
Longuet-Higgins, 1970]

7'; X OV 3)

whereo? is the cross-shor@rbital wave velocity variance.
Given this approximationand parameterizedorms for the
wave transformationand mixing, solutionsfor v can be
found. However, in the surf zonethe linearizing assump-
tionsfor the bottomstressoftenareviolated[ Thornton and
Guza, 1986],andthe generarelationshipbetween< |i|v >
ando,, T is notunderstoodvell.

Alongshorecurrentspredictedby (1) using a random
wave transformationmodel for S,;, a linearized bottom
stresq3), andneglectingmixing (0F,, /0z = 0) agreewell
with meanalongshorecurrentsobsered on a nearly plane
beachwith a small rangeof incidentwave angles[Thorn-
ton and Guza, 1986]. However, thereare large discrepan-
cies betweenl-D model predictionsand obsenationson
a barredbeachnear Duck, North Carolina acquireddur-
ing the DELILAH field experiment[ Church and Thornton,
1993; Smith et al.,, 1993]. The beachat Duck is com-
plex, with awide rangeof wind andwave conditions[Long,
1996] and complicatedbathymetrythatincludesprominent
sandbarsand sometimespronouncedalongshoreinhomo-
geneitie§Lippmann and Holman, 1990]. During DELILAH
abroadalongshoreurrentoftenwasobsened,with asingle
maximumshorevard of the crestof the sandbarwhereasl -
D modelspredicta flow with two narrav jets, oneslightly
seavard of the bar crestandonenearthe shoreline(i.e., in
theregionswherethe predictedwave breakingcausedarge
gradientdn Sy, ), with weakflow in betweerthejets.

The reasondor this discrepang are unclear but possi-
ble modeldeficienciedall into two generalclasses.First,
the 1-D momentumbalance(1) may be correct,but the pa-
rameterizationof wave forcing, bottom stress,or mixing
may be eitherincorrector not robust over the wide range
of conditionsat Duck (Svendsen [1984], Church and Thorn-
ton [1993], Svendsen and Putrevu [1994], Dally and Brown

[1995], Hinn et al. [1998], Garcez Faria et al. [1998], and
mary others).Alternatively, the 1-D momenturrbalanceg1)
maybemissingimportantwo-dimensionaf2-D) termssuch
asnonlinearadwectionandalongshorgressurgradientsas-
sociatedwith alongshoredepthvariations. Model simula-
tions suggesthatthesetermsmay be significanton natural
beachegPutrevu et al., 1995; Sancho et al., 1995; Reniers
etal., 1995].

Herethe 1-D momentunbalance(l) is testedwith field
obsenations(discussedn section?) collectedover a wide
rangeof conditionson the barredbeachnearDuck, North
Carolina. The alongshoremomentumbalance,integrated
over the instrumenteccross-shordransect,s examinedin
section3. This integratedbalancespanningthe entire surf
zone (as opposedo the local balanceexaminedby Whit-
ford and Thornton [1996]) is independendf the poorly un-
derstoodyradientsof the turbulentmomentunflux F,, and
radiationstressS,, appearingn thelocal 1-D balance(1).
The cross-shoréntegratedtotal (wind andwave) forcing is
shavn to bebalancedpproximatelby thecross-shorete-
gratedbottomstressysingthequadratidriction formulation
(2). The closureof the cross-shoréntegratedmomentum
balancesuggestshatthedynamicsof thealongshoreurrent
areon averagedescribedy the1l-D momentunbalancel).
However, therearecasesn which 2-D effectsareimportant,
asdiscusseth sectiond. Theresultsaresummarizedn sec-
tion 5.

2. Observations

ThedatawerecollectedduringSeptembeandOctoberof
1994nearDuck, North Carolinaon a barrierislandexposed
to the Atlantic Ocean.The U.S. Army Corpsof Engineers
Field Researclracility (FRF)coordinatesystemwith z in-
creasingpffshoreandy increasingn thenortherlydirection,
is used. Directional propertiesof seaand swell were esti-
matedfrom a two-dimensionahrrayof 15 bottom-mounted
pressuresensordn 8-m water depth (Figure 1), operated
by the FRF [Long, 1996]. Hourly radiationstressesvere
estimatedaccuratelyusing linear theory and a directional-
moment-estimatiortechniquethat minimizes a weighted
sumof the biasandstatisticalvariability of the estimatd El-
gar et al., 1994]. Errorsin the Sy, estimatesresmallcom-
paredto uncertaintiesn othertermsof the integratedmo-
mentumbalancesnvestigatechere. Wind speedanddirec-
tion measured.9.5m above meansealevel attheendof the
nearbyFRFpierwereusedto estimatavind stresgS. Lentz,
personatommunication1995)usingthealgorithmof Large
and Pond [1981]. No correctionsnvere madefor the possi-
bly significant,but poorly understoodeffect of wavesonthe
wind stresge.g., Rieder et al., 1996]. Obsenationsfrom a
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Figure 1. Planview of thebeachat Duck. A solidcirclerep-
resents colocatedoressuresensorcurrentmeter andsonar
altimeter The open circles representhe Field Research
Facility pressuresensorarray Bathymetryfrom October
20 is contouredin units of metersbelov meansealevel.
Wind speedwas measuredbout500 m from the shoreline
atalongshordocation500m.
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Figure 2. The cross-shordocation of colocatedcurrent
meters,pressuresensorsand sonaraltimeters(triangles);
bathymetryobsened on August 25 (solid curve) and Oc-
tober26 (dashedcurve). An additionalcolocatedpressure
sensorand currentmeterin 8-m waterdepth, 750 m from
theshorelinejs notshavn.

60-km-longfive-elementlongshorearray of pressuresen-
sorsin 6-m waterdepth[Aless et al., 1996] were usedto
obtainhourly estimate®f the alongshorgressuregradient
neartheshoreassociatewith shelf-scaldarotropiomotions
(AppendixA).

Colocatedsonaraltimeterd Gallagher et al., 1996],pres-
suresensorsandbidirectionalelectromagneticurrentme-

ters(sampledat 2 Hz) weredeployedon a cross-shoréran-
sectextending750 m from nearthe shorelineto 8-m water
depth(Figuresl and2). Sonaraltimetersmeasureacous-
tically the distancefrom the altimeter(mountedon a fixed
frame)to thebed. Altimeterdatawereusedo estimatealepth
profileson theinstrumentiransec{Gallagher et al., 1998].
Currentmeter offset drift was accountedor by regularly
rotatingthe currentmeters180° andassuminga stationary
meancurrentduring approximatelyl0-min periodsbefore
andaftertherotation.Biofouling requiredrepeatedleaning
of the currentmeterprobes. Datafrom heavily biofouled
currentmetersor with possiblylarge offset-drift-inducecer-
rorswerediscardedEstimatecerrorsin themeasurednean
alongshordlows are0.05m/s (arisingprimarily from offset
drift) plus 5% of the true meanflow speedowing to inac-
curag in the currentmetergain and orientation. The most
nearshoresensomwas often exposedat low tide andthere-
foreinactive. The 15 currentmeterswereraisedor lowered
asthe bedlevel changedo maintainan elevationof 0.4-1.0
m abovetheseafloor

Conditionsduringthe experimentaresummarizedn Fig-
ure3. In 8-mwaterdepththe significantwave height(Hg;,)
rangedbetween0.2 and 4.0 m (Figure 3a), and the mean
wave anglerangedbetweent50° (Figure3b). The mean
(e.g.,centroidal)wave frequeny rangedbetween0.08 and
0.2 Hz (not shawvn). The maximummeanalongshorecur-
rent [Umax| (in eachhourlong record)rangedfrom 0.1 to
1.4 m/s(Figure3c). Thebar crest,originally located80 m
from the shoreline,migrated120 m fartheroffshore (Fig-
ure 3d and Figure 2). The obsered locations of Ty, ax
spannedheentireinstrumentedegion, but wereusuallylo-
catedwithin 150 m of the shoreline,and shorevard of the
bar crest(Figure 3d). The few maximalocatedwell sea-
ward of the barcrest(400 m < z < 750 m) wereweak
(|Pmax| ~ 0.3 — 0.4 m/s)andapproximatelycorrespondo
timesof strongbuoyancg/-drivenflows [Rennie, 1998]. The
strongeralongshoreurrents(|tmax| > 0.8 m/s)wereoften
wave driven (e.g., associatedvith large S, in 8-m water
depth,Figure 4) and occurrednearthe bar crest. Maxima
nearthe shorelinewere wealer (0.25-0.7m/s). Many of
the larger [Tmax| (0.4-0.7m/s) nearthe shorelineoccurred
in mid to late Octoberafter the sandbamigratedoffshore
(Figure3d). Thealongshoreomponentf thewind ranged
betweenl5 m/s from the north and 10 m/s from the south
(notshown). The surfzonewidth (estimatedasdescribedn
AppendixB) rangedfrom 10to 750 m. Springtideswere
about1l m, andthe slopeof the beachforeshorewas about
1/10 (Figure 2), sotidal fluctuationsin the meanshoreline
locationwereaboutl10 m. Alongshorebarotropictidal cur-
rentsin waterdepths< 8 m werelessthanroughly0.03m/s
(S.Lentz,personatommunication1996).
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Figure 3. Hourly valuesof (a) significantwave height H;,
and (b) meanincidentwave angle[Kuik et al. 1985]in 8-
m depth(zerocorresponds$o normalincidenceandpositive
anglesto wavesfrom the northernquadrant).(c) Absolute
value of the maximumhourly averagedalongshorecurrent
[Tmax| @nd(d) cross-shoréocationof the barcrest(dashed)
andof Upax. The572valuesof |Umax| Shavn correspondo
hourswith at leastfive active currentmetersand |Umax| >
0.25 m/s. The few maximaoccurring> 250 m from shore
arenotshown in Figure3d.
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Figure 4. Theradiationstress-S,,/p in 8-m depthversus

the alongshorecurrentmaximumoa, (r2 = 0.76). An
obsenationis shavn only if atleastfive sensorsvereactive.

Spatially extensve bathymetricsureys (e.g., Figure 1)
wereobtainedseveraltimesduringthedatacollectionperiod
with the CRAB (CoastaResearcimphibiousBuggy). The
orientation®of the1-, 2-, 3-, 4-, and5-mdepthcontoursover
analongshorespanof 300m thatincludedtheinstrumented
transectveredetermineddy leastsquaredits of eachdepth
contourto a straightline. The orientationangleof a par
ticular depthcontourchangecvertime, andthe orientation
of differentdepthcontoursvariedO(5°) within a givensur
vey. Particulardepthcontourssometimesverefit poorly by
the sunweys, indicatingthat the bathymetrywas alongshore
inhomogeneouée.g.,Figurel). However, mean(averaged
overall depthsfor a singlesurey) contourorientationssar-
ied by no morethan+2° from the FRF coordinatesystem.
Theresultsin section3 arenot alteredsignificantlyby +2°
rotationof the coordinatdrame.

Guza et al. [1986] reporteda strongcorrelation(r? =
0.94) betweeranempiricalorthogonafunction-denedvy, .«
and—S,, estimatedutsidethe surfzoneon anearlyplane
beachwith a smallerrangeof incident wave anglesthan
thoseobsened here. The lower correlationbetweenv,,«
and—S,, (r? = 0.76) at Duck (Figure4) reflectsa greater
compleity of bathymetricwave,andwind conditions.Wind
stressbuoyang forcing, the effect of alongshorénhomo-
geneities,and flow acceleratiorall contribute to the scat-
ter between—S,,; andvmax anddominatecasesn which
—Sy2 andTmax have oppositesign. The overallimportance
of termsotherthan Sy, to the alongshoranomentumbal-
anceis unknown.

Wind is sometimes substantiamomenturnsourcdn the
nearshorg¢Whitford and Thornton, 1993]andis includedin
the momentumbalancesnvestigatechere. The sometimes
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Figure 5. (a) Hourly averagedalongshorecurrentv versus
distancefrom the shorelineand (b) depthobsenedat 1300
easternstandardtime Septembef1. Arrows pointing to-
wardthebottomof thefigureindicatesouthvardflow.

significanteffect of wind forcing andthedynamicalsepara-
tion betweenthe surf zoneandthe wind-drivenregion sea-
ward of the surf zoneis illustratedin Figure 5 for a case
wherewind and wave forcing have oppositesign. Mod-
eratelyenegetic waves (Hg; ~ 1 m in 8-m water depth)
approachedrom the southwhile the 4 m/swind wasfrom
the north. The wind-drivencurrentflowed towardthe south
seavard of the bar crest,and a wave-driven currentflowed
toward the north shorevard of the bar crest(where wave
breakingbegan). The obseredsignchangein v highlights
thetransitionfrom wind- to wave-drivenflow. Eventhough
the alongshorecurrentswere weak, the division between
the wind- andthe wave-driven regimeswas obsenablefor
theentire48-hourperiod(SeptembeR0-21)whenwind and
wave forcing had oppositesign, andthe locationof current
reversalfluctuatedasthe surf zonewidth wasmodulatecby
tidal changesn waterdepth.SeeFeddersen et al. [1996] for
furtherdiscussiorof casestudies.

3. Alongshore Momentum Balances

The depth-intgratedandtime-averagedalongshoremo-
mentumequationis [e.g.,Mei, 1989]

_ ov v _0v\ N
p(7 + h) (E s +v@> = pg(h+n)3y
0Syz  0Syy b ind O0F,, OFy,
—_ s T IY WII _ 9L _ 99 4
or Oy Ty Ty oz + Oy “)

wherew andv arethedepth-andtime-averaged over mary
wave cycles)cross-shorandalongshorevelocities,h is the
water depth,7 is the meanfree surfacedisplacementS,,
andS,, arecomponent®f the radiationstresstensor Fy,
and F,, are componentf the depth-intgratedturbulent

momentunflux tensorand7-;"ind is thealongshoreompo-
nentof the wind stress.The alongshorebottomstreSSr;’ is
representethy a quadraticdraglaw (2). Earthrotationand
variationof thewaterdensityp areneglected.

Theassumptionsf a steadystateandno alongshorey)
variation, coupledwith the continuity equationand a no
massflux boundaryconditionat the shorelineyield w = 0.
The nonlineartermsandalongshoregradientsof Sy, Fy,,
andgy in (4) thereforevanish,andthealongshorenomentum
equation(4) simplifiesto the one-dimensiondbalancg1).

The 1-D momentumbalance(l) is not verified locally
(e.g.,atasinglelocation)becausgradientsf theradiation
stressS,, andthe turbulentmomentunflux F,, cannotbe
estimatedvell from theseobsenrations.However, if S, and
F,, areknown at two cross-shor¢ocationsz; andzs, the
cross-shorentegral of (1) betweenz; andx, canbe esti-
matedas

T wind
/ gy e
T p p

o F
:/ ey <|iv>dz + &
z p

1

_1_%
D) p

z1
— wa
@2 p

®)

T1

Herethis integratedbalancds testedstatisticallyfor several
cross-shoreegions. The spatialstructureof the alongshore
currentis notaddressedly theanalysis.

The first integrationregion spansthe entire 750-m-long
transectfrom neartheshorelingz; = 0) to8-mwaterdepth
(z2 = xzsm). Pressurarraydatain 8-mwaterdepthareused
to estimateSy, atzsm. Theturbulentmomenturrilux Fy,
is assumechegligible in 8-m water depth (Fy;|z,.. = 0)
becausehe surf zone(wheremixing is believed strongest)
rarelyextendedo zg, . AssumingthatS,, andF,, arezero
attheshorelineandthatc; andr"® arespatiallyhomoge-
neous(5) becomes

Twind

Yy yr
ZT8m —

p p

Z8m
= c,«/ <|@lv>dz (6)
0

Z8m

wherethe only unknavn is ¢;. The integral is estimated
from the obsenationsasdescribedn AppendixC.

wind (73" zgr, / p) andwave (— Syz / plas,,) forcingterms
integratedacrossthe 750-mregion during the 2-monthex-
perimentare shavn in Figure 6. The rms wind forcing
is abouthalf the rms wave forcing andthus cannotbe ne-
glected. Thewind andwave forcing arevisually correlated
but occasionallyhave oppositesigns(e.g.,Septembep0-21,
days19-20,andOctoberl4,day43,in Figure6).

Theintegratedtotal (wind andwave) forcing andbottom

stressare highly correlated(r? = 0.87), andlinearregres-
sion givesa bestfit c¢; = 0.0015 (£1.2 x 10~%, the 95%
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Figure 7. Hourly total forcing (wind and wave,

—Sya/Plasm + J3 =" (7314 / p) daz, solid curve) andbottom
stresg(cy [y " < |@|lv > d, dashecturve) integratedfrom
theshorelineto 8-mdepthwith abestfit ¢; = 0.0015 versus
time. Gapsoccurwhenthe bottomstressntegral could not
be computedbecauseof inactive sensors. The correlation
coeficientsquared-? = 0.87.

confidencdimits on cy) (Figure7). Thelinearrelationship
suggestshatthecurrentmeterarrayadequatelyesohedthe
cross-shorestructureof theflow, the bottomstresss repre-
sentedwell by (2), andthe integrated1-D momentumbal-
anceholds.

Theintegratedwind forcingis notnegligible, but because
the wind and wave forcing termsare correlated(Figure 6)
it is possiblethat a balancebetweenintegratedwave forc-
ing andbottomstress(i.e., neglectingwind forcing) closes
equallywell. However, the correlationbetweenwave forc-
ing andbottomstresgr? = 0.73) is significantly(atthe 95%
confidencdevel) lower thanthe correlationincluding wind
forcing (r? = 0.87), demonstratinghe importanceof wind
forcing overthis region. The dragcoeficient estimatds re-
ducedfrom ¢; = 0.0015, whenwind stressis included,to
¢y = 0.0010, whenit is neglected.

To investigatgpossiblespatialvariationin cy, theinstru-
mentedcross-shoréransectwasdividedinto regionswithin
and seavard of the surf zone. Without assumptionsbout
theevolutionof Sy, andintroducingfriction coeficientscy,
andcy» within andseavardof thesurfzone respectrely, the
momentunbalancesn eachregionare

wind

T, S T oo F T
Y gy — 22 :Cf1/ <l@glv>de+ 2| (7)
p Zp 0 Tp
and
wind
T, Syz Syz
Y (zgm — 1) — —2 + =
T8m p Tp
Z8m F z
= sz/ <l|@lv>dx — 2 (8)
Ty p Ty

wherez, is the locationof the borderbetweenthe two re-
gions. Adding (7) and(8) yields a balanceover the entire
region similar to (6) (but with a variabledrag coeficient)
givenby
,]_wind

S
Yy yz
T8m —

zp
= cfl/ <|d|v> dz
0

Z8m

Z8m
+Cf2-/ <|dlv> d=z 9)
Tp
Thelocationof z; is determinedrom estimatecchangesn

wave enegy flux asdescribedn AppendixB. Only cases
with severalsensordothwithin andseavardof thesurfzone
areincluded (Appendix C) in determining,using multiple

linearregressionbestfit valuesfor thedragcoeficients.For

the subsetof datausedto find cy; andcy» the correlation
with avaryinge; (r? = 0.82) is significantlyhigher(at 95%

confidencdimits) thanwith aconstant; (r? = 0.76). The

regressioryieldscy; = 0.0033 (£6.9 x 107*) andcys =

0.0010 (£2.3 x 107%).

The closureof the integrated-to-8-m-deptimomentum
balance$6) and(9) suggestthatthequadratidorm (2) does
representvell themeanalongshoréottomstress Cox et al.
[1996] recentlydemonstrateth a laboratorysurf zonethat
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the instantaneousross-shorebottom stressinferred from
logarithmic oscillating boundarylayer theory is relatedto
the instantaneougroduct |u|u outsidethe boundarylayer
over mostphasesf a wave cycle. The utility of the quad-
ratic bottomstresgarameterizatiors thussupportedy ob-
senationsat differenttemporalandspatialscales.

The surf zonedrag coeficient cyy = 0.0033 is similar
to the ¢y valuesinferredby Whitford and Thornton [1996]
and (for low bedroughness)sarcez Faria et al. [1998].
Thelargerinferredcy in thesurfzoneis consistentvith the
hypothesighatbreaking-vave-inducedurbulenceenhances
vertical mixing andthusincreaseshe bottomstressfor the
samefree streamvelocity [ Church and Thornton, 1993]and
is consistentwith the magnitudeof ¢; variationsobsened
by Cox et al. [1996].

AssumingS,, is conseredseavardof x;, (€.9.,Syz|e,=
Syz|zsm) @andtheturbulentmomentunflux atz; is negligi-
ble (e.g9.,Fyz|», = 0), the momentumbalanceswithin (7)
and seavard (8) of the surf zonecan be consideredsepa-
rately In the surf zonethe balanceis betweenwind and
wave forcing andbottomstress

Twlnd Syz
Tp — ——

p p

= cfl/ <|d@lv> dz (10)
0

Z8m

whereasseavardof z;, thebalances betweerwind forcing
andbottomstress

7_wind T8m
yp (T8m — Tp) = cf2/ <|dv> dz.

Zb

(11)

For thesurfzonemomentunbalancg10)r2 = 0.79, and
the bestfit dragcoeficientis cy1 = 0.0035 (£4.1 x 10~%)
(Figure 8). On average the wind forcing is small, roughly
10% of thewave forcing in the surf zone(althoughin some
casesthewind stresds important). The similarity between
the surf zonedrag coeficients inferred from (10) and (9)
suggestshattheturbulentmomentunflux acrossey, Fyz |z,
(neglectedin (10))is eitheruncorrelatedvith (which seems
unlikely) or is smallrelative to the surf zonebottomstress.

The momentumbalance(11) betweenwind forcing and
bottom stressseavard of the surf zone (r? = 0.36, Fig-
ure 9) doesnot close as well as the surf zone momen-
tum balance(10). If the errorscausingthe low correlation
result solely from (Gaussianzero mean)estimationerror
of the wind forcing or bottom stress,the drag coeficient
would be similar to the one estimatedby (9). However,
the drag coeficients are different. The reducedestimate
of ¢; = 0.00055 (+£2.0 x 10~*) from the seavard of the
surf zonebalance(11) versusc; = 0.0010 (£2.3 x 10~*)
from (9) suggestshatthe balancg11) doesnot accountfor
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Figure 8. Hourly total forcing (wind and wave,
—Sya/Plosm + Jo ' (T3¥4/p) dz, solid curve) and bottom
stress(cy1 [y* < |@v > dz with ¢;1 = 0.0035, dashed
curwve) integratedover the surf zoneversustime. The cor-

relationcoeficientsquared? = 0.79.

S
A
m\
1S r |
~ 0.05- —
1] L 4
1]
I r U |
+— [}
n r i 1
ARy J s
o 0.00 v IS Wi i L |
g e ; P 1“ d
) 4 \
3 ! a ]
o |
c L '
o ]
o —0.05 -
[ r i
5
(o]
L .

—0.10 L v [ B B I Lo

Days from September 1

Figure 9. Hourly wind forcing (f;:m('r;"i“d/p) dz, solid

curve) andbottomstress(cy, [, < |@v > dz with cpo =
0.00055, dasheccurwe) integratedseavard of the surfzone
versugime. Thecorrelationcoeficientsquared-? = 0.36.
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sourcesof momentumimportantto the region seavard of
the surf zone,which areimplicitly includedin (9). For ex-
ample,S,, maynot be conseredseavard of the estimated
xp. Alternatively, the turbulentmomenturnflux £, across
xp may be significantrelative to the bottom stressseavard
of the surfzone,andthusthe surf zonemaybe a substantial
sourceof momentunto theregion seavardof thesurfzone.
The presentobsenationscannotbe usedto separatehese
two possiblesourcef momentum.

4. Discussion

Othertermsappearingn (4), but notin steadyl-D mod-
els (1), canbe estimatedn their integratedform with these
data.Theintegrationregionextendso 8-mwaterdepth,usu-
ally well seavardof thesurfzone,andthuslargerscalenner
shelf dynamicsmay be importantover the instrumenttran-
sect.For example,in 30-mwaterdepthon theinnershelfof
northernCalifornia,the alongshoréarotropicpressurera-
dient (e.g., —ghd7/dy) is an O(1) termin the alongshore
momentunbalancgLentz, 1994],andvarieson alongshore
lengthscalesof O(10-100km). Thesegradientswere esti-
matedhereusingobsenationsin 6-m waterdepth[Aless et
al., 1996]asdescribedn AppendixA. Assuming << h
andthat 97/ 9y doesnot vary acrossthe integrationregion,
thecross-shor@tegralfrom shoreto 8-mwaterdepthof the
pressurgradientis estimatedas

6ﬁ /-WSm
—g— hdx
g 9y Jo

This barotropicpressurgyradientis not dynamicallyimpor-
tantover the 750-m-longtransect.t is usuallya factorof 3
smallerthanthe wind forcing andis uncorrelatedvith any
otherdynamicalterms.Alongshorebaroclinicpressureyra-
dients(notincludedin (4)) causedy ChesapeakBay out-
flow canbe ssignificantontheinnershelf[Rennie, 1998]and
might be importantat timesin the presentmomentumbal-
anceshut cannotbe quantifiedwith this dataset.

The integral of the accelerationterm in (4) was also
estimated. Using the continuity equationand assuming
71 << h andweakvertical variationof the alongshorecur-
rent[Garcez Faria et al., 1998],theterm (77 + h)9v/dt can
betransformedo 0[hv]/0t. Theaccelerationestimatedy
finite differencingthe hourly transport

Tsm
/ hvdzx
0

is uncorrelatedr? = —0.0018) with and hasonefifth the
rms valueof the total forcing. The lack of correlationwith
forcing suggestghat the acceleratiorestimateis contami-
natedby noise, but the low rms valuesimply that the ac-
celerationtermis usuallysmall. Whenthe forcing changes

rapidly (i.e., on SeptembeR1 in Figure7) the hourly aver
agedflow respondswithin aboutan hour (e.g.,the current
lagsthe forcing by no morethanl temporalsample). This
rapid responseo large changesn forcing further suggests
thatthealongshoreurrentis nearlyalwaysin frictional bal-
anceandthatflow accelerationareneggligible.

The statisticalanalysisn section3 demonstratethatthe
1-D integratedmomentumbalancefrom the shorelineto 8-
m waterdepth(6) closes,ndicatingthat over the entirein-
strumentedransecthe combinedwind andwave forcing is
balancedy the bottomstress.The closuredoesnot neces-
sarily imply thatthe 1-D momentumbalance(1) holdslo-
cally, because2-D termsin (4) (e.g.,nonlinearand along-
shorepressurggradient)could be locally strongbut change
signwith cross-shoréocationsuchthattheir cross-shorén-
tegralscancel. However, consistentancellatiorseemaun-
likely to occuroverthewide rangeof bathymetricandforc-
ing conditionsencountereduringthe 2- monthexperiment.
Thereforethe closureof the integratedmomentumbalance
suggestshat2-D termsaretypically small.
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Figure 10. (a) Significantwave height, (b) alongshorecur-
rentw, and(c) depthversusdistancefrom the shorelineob-
senedat0500easterrstandardime Octoberl6.

Thereare casesavhenthe flow appeardo be dominated
by 2-D effectssuchas alongshoreressureggradients. For
example,on October16 (Figure 10) the waveswere ener
getic(Hsig = 3 min 8-mwaterdepth)but nearlynormally
incident (meanwave angleof 2°), so —S,, in 8-m water
depthwassmall (—0.023 m3 /s?). Wave breakingextended
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to 8-m waterdepthandwas mostintenseabout150-200m

from shore(Figure 10a),well offshoreof the strongestur-

rents(v,ax = —0.49 m/sneartheshoreline Figure10b).In

contrastto the obsenations,1-D modelspredictweak cur-

rentseverywherg|v| < 0.05 m/s) for thesmallwave angles
obsened. Time-elapsediideo images(R.A. Holman, per

sonalcommunication;1996)suggesthe presencef strong
alongshoralepthvariations andthe poststorm(Octoberl8)

bathymetrywas two-dimensionalwith a large gap in the
sandbar(e.g., Figure 1). The obsenred alongshorecurrent
mayhavebeenfeedingarip currentvisually obsenedduring

the storm (E.B. Thornton,personakcommunication,1997).
In addition,numericaimodelresultswith bathymetrysimilar

to thatmeasurean Octoberl 8 demonstratéhat2-D effects
canbeimportantto thelocal alongshorenomentunbalance
[Sancho et al., 1995].

5. Summary

Thel-D alongshorenomentunbalancewith aquadratic
parameterizatiomf the bottom stress,integratedfrom the
shorelineto 8-mwaterdepthcloses(r? = 0.87) overawide
rangeof conditions. The closuresuggestghat the quad-
ratic form (2) representsvell the alongshorebottomstress
andthaton averagethe dynamicsof the alongshorecurrent
aredescribedy the 1-D momentunbalancgl). Including
the wind forcing statisticallyimprovesthe integrated-to-8-
m-depthmomentumbalancedemonstratingheimportance
of wind to nearshoreirculation.

A spatially variabledrag coeficient ¢y statisticallyim-
provestheintegrated-to-8-m-deptmomentunbalanceThe
surfzonedragcoeficientsinferredherearesimilar to those
obtainedby Whitford and Thornton [1996] and (for low
bed roughness)Garcez Faria et al. [1998]. The cross-
shorevariationof ¢ (0.0033and0.0010within andseavard
of the surf zone, respectrely) may be associatedvith in-
creasedurbulencefrom breakingwavesinsidethe surfzone
[Church and Thornton, 1993] or cross-shorevariationsin
time-averagedbed roughnesgGarcez Faria et al., 1998].
The cross-shorevariationof ¢y alsois consistenwith lab-
oratorystudieg Cox et al., 1996].

In the surf zone,wind andwave forcing arebalancedyy
thebottomstress.Thewind forcingis statisticallyunimpor
tantwithin thesurfzonerelative to thewaveforcingbutis an
O(1) termseavardof thesurfzone.Theseavard of the surf
zonemomentumbalancebetweernwind forcing andbottom
stresgloesnotcloseaswell (r2 = 0.36) asthesurfzonemo-
mentumbalance(r? = 0.79). Momentumbalancesn the
innershelfatDuckwill beconsideredn detailelsevhere.

Appendix A: Barotropic Pressure Gradient
Estimates

The hourly averagedbottompressuralataacquiredwith
a five-element60-km-longarray in 6-m water depthcen-
teredat the FRF pier [Alessi et al., 1996]was corvertedto
seasurface elevation and demeanedvith the 2-monthav-
erageof eachinstrument. For eachhour, the meanof the
five sensorga spatialmean)wasremoved, suppressinghe
largetidal signalwith zerophasdag. An empiricalorthogo-
nalfunctiondecompositionvasusedto extractthedominant
nonzerogradientmodeof seasurfaceelevationfrom there-
maining signal. The first eigenfunctioncontains89% per
centof thevarianceandrepresentalineartilt in seasurface
elevation. Thegradientof thisfirst eigenfunctiormultiplied
by its temporalamplitudeyields estimateof hourly along-
shoreseasurfacegradientsn/dy.

Appendix B: Surf Zone Width (x;) Estimates

At eachpressuresensorlongthecross-shorégransecthe
linear enepy flux integratedfrom 0.04to 0.3 Hz was cal-
culatedfor eachhour assumingshore-normaivave propa-
gation. Accordingto linear theory on paralleldepthcon-
tours the enepy flux is consered seavard of x;,, where
wave breakingbegins. However, measuremergrrors,inad-
equacie®f lineartheory reflectedwave enegy, directional
spreadingandirregularbathymetrycauseconsiderablscat-
ter in the enegy flux estimates. Thereforea heuristical-
gorithm basedon a combinationof the decreasén enegy
flux relative to 8-m waterdepth,thelocal enepgy flux gradi-
ent,andtime-elapsedideoimagesR.A. Holman,personal
communication1996)wasusedto approximatelydefinethe
locationof theseavardedgeof thesurfzoner;. Resultghat
dependon z; areinsensitve to moving all estimateof z;
onesensorcloserto shorebut, in somecasesyary substan-
tially whenthe z;, estimatesare moved one sensorfarther
seavard.

Appendix C: Cross-Shore Integration Method

Hourly cross-shorintegralssuchas

xo T2
/ hvdx / <|@v> dx
T1 Z1

wherezx; andzx, representross-shorestrumentocations,
wereestimatedusingthetrapezoidrule betweeractive sen-
sors.Whenaninstrumentattheendpoint(i.e.,atz = z; or
T = x3) wasinactive, the integral wasnot computedwith
oneexception. If the startingpoint for the integrationwas
the shorelineandthe shallovestinstrumentwasinactive, its
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valuewassetequalto that of the next offshoresensar The
transect-widentegral to 8-m waterdepthwasestimatedor
1176of the 1440hourlong recordscollectedduring the 2-
month experiment. Integralsover the surf zoneor the sea-
ward of the surf zoneregion wereestimatednly whenthe
outeredgeof thesurfzonez; was< 230 m from theshore-
line, to ensuresufiicient coveragefor theseavard of the surf
zoneintegral. The above criteria were satisfiedwithin the
surf zonefor 858 hoursand outsidethe surf zonefor 686
hours.A differentcurrentmeter(displacedd0 m in the hor-
izontal) was usedfor the integrationsto zs, after October
13, whenthe 8-m waterdepthsensoffailed. Theresultsare
insensitve to which currentmeterwasusedwhenbothwere
active. The degreesof freedomfor computingconfidence
intervalswerecalculatedy dividing the numberof hoursin
the balanceby the integral timescale(the time period over
which obsenationsare independen{Davis, 1976]). This
timescalaangedrom 12to 15 hours,dependingnthebal-
ance.
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